Abstract. There is a growing interest in the fact that mechanical signals may be as important as biological signals in evaluating cell viability. To investigate the alterations in biomechanics, nanomorphology and biological apoptotic signals during early apoptosis, an apoptosis model was established for cervical cancer HeLa cells induced by cytochalasin B (CB). The cellular mechanical properties, geometry, morphology and expression of key apoptotic proteins were systematically analyzed. The findings indicated a marked decline in cellular elastic modulus and volume and a considerable increase in surface roughness occurring prior to the activation of biological apoptosis signals (such as phosphatidylserine exposure or activation of CD95/Fas). Moreover, the depolymerization of filamentous actin aggravated the intracellular crowding degree, which induced the redistribution of different-sized protein molecules and protrusions across the cell membrane arising from excluded volume interactions. Statistical analysis revealed that the disassembly of the actin cytoskeleton was negatively correlated with the cellular elastic modulus and volume, but was positively correlated with surface roughness and CD95/Fas activation. The results of the present study suggest that compared with biological signals, mechanical and geometrical reconstruction is more sensitive during apoptosis and the increase in cell surface roughness arises from the redistribution of biophysical molecules. These results contribute to our in-depth understanding of the apoptosis mechanisms of cancer cells mediated by cytochalasin B.
Introduction
Cytochalasin B (CB) is a mycogenic toxin extracted from the fungus Phoma sp. CB permeates through the cell membrane into the cytoplasm and binds to the 'barbed' end ('plus' end) of the filamentous actin (F-actin), while preventing the superposition of actin monomer polymerization at this site. Consequently, the polymerization of the actin cytoskeleton is impeded and its conformation is altered (1, 2) , ultimately affecting cell morphology and biological processes, such as cell shrinkage, mitosis and apoptosis (3) . Cytochalasins are extensively used to investigate the role of the microfilament cytoskeleton in various biological processes, including cell movement, differentiation and mitosis. However, accumulating evidence indicates that cytochalasins exert potent anticancer effects and induce apoptosis in various malignant cell types (4, 5) . Unlike the conventional microtubule-targeted agents (6) , CB is a type of microfilament-directed drug that can potentially increase the efficacy of chemotherapeutic agents by acting synergistically with them (7, 8) . In addition, malignant cells have a perturbed actin cytoskeleton, which makes them susceptible to preferential damage by cytochalasins. CB may induce apoptosis of various cancer cells through intrinsic or extrinsic pathways (4, 9) . However, there is currently no comprehensive information available regarding the biomechanics and surface topography during early apoptosis (10, 11) . In addition, although chemical signals have been extensively investigated to characterize cell apoptosis (12) , only a limited number of studies have systematically addressed the alterations in biomechanics, cell surface topography and biological signals related to the disruption of the microfilament cytoskeleton.
Ever since apoptosis was first described by Kerr et al (13) , numerous studies have focused on the morphology, molecular biology and underlying biological behaviors in an attempt to elucidate the subtle molecular mechanisms involved in cell
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death (14, 15) . Researchers have long believed that apoptosis occurs when key proteins, such as initiators caspase-8 and -9, are cleaved and activated (16, 17) , while overlooking the alterations in biomechanics during early-stage apoptosis. Expanding knowledge and advances in research methods have enabled researchers to examine the changes in the cytoskeleton and cell elasticity. The decrease in elastic modulus was usually measured 24 h after the cells were treated (18, 19) . A number of studies have focused on the decline in cellular elastic modulus following drug treatment. Pelling et al (20) reported that the cellular elastic modulus decreases during early-stage apoptosis, and Schulze et al (21) observed that alterations in the actin cytoskeleton led to changes in cellular morphology and elastic modulus. These findings suggest that a certain correlation exists among disruption of the F-actin cytoskeleton, mechanical alterations and apoptosis. F-actin is among the most important cytoskeletal components involved in maintaining the shape and mechanical properties of the cell. Alterations in F-actin organization are inevitably accompanied by changes in cellular mechanical properties (such as cell stiffness). Bio-type atomic force microscopy (AFM) is a unique technique enabling direct measurement of the mechanical properties of living cells and detection of nanostructures on the cell surface (22) . Researchers have used AFM to investigate the nanoscale morphology and mechanical properties of single living cells treated with anticarcinogens (23) , and the results indicated that cell stiffness is altered when cells are exposed to cytotoxic agents, such as those used for chemotherapy. The alterations in the mechanical properties of individual cells may be used as a biomarker for evaluating apoptosis (24, 25) . These viewpoints indicate a subtle association among the reorganization of the actin cytoskeleton, cellular mechanics and apoptosis. However, these previous studies only focused on the mechanical phenomena at 12 or even 24 h after cell treatment, and overlooked the mechanical alterations during the early stages of drug treatment. Therefore, the aim of the present study was to investigate the early alterations in biomechanics, cellular geometry, morphology and biological signals following cell exposure to CB.
For this purpose, an apoptosis model was established using HeLa cells induced by CB in order to explore the alterations and possible correlations among biomechanical reconstruction, morphological remodeling and apoptotic signal activation. Human cervical cancer HeLa cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM; HyClone; GE Healthcare, Chicago, IL, USA) supplemented with 10% FBS, 100 µg/ml streptomycin and 100 U/ml penicillin in a humidified atmosphere of 5% CO 2 at 37˚C. Western blot analysis and death receptor CD95/Fas expression. Vinculin, a ubiquitously expressed actin-binding protein (ABP), can affect cell adhesion and signal transmission. To investigate whether vinculin expression was inhibited by CB, its expression was analyzed by western blotting. Samples were collected by trypsinization (~1x10 7 cells). The cell membrane protein extraction kit was used to extract the total proteins of the cell membrane. The total protein contents of the lysates were determined with the BCA protein assay kit. The proteins (30 g/well) were separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto nitrocellulose membranes. Non-specific proteins were blocked with 5% skimmed milk powder diluted in Tris-buffered saline containing 0.05% Tween-20 at room temperature for 1 h. Then, primary anti-vinculin antibodies (1:1,000 dilution) and anti-GAPDH antibodies (1:1,000 dilution; cat. no. 22555; Abcam) were added and incubated at 4˚C overnight. The blots were incubated with horseradish peroxidase-labeled goat anti-rabbit secondary antibodies at room temperature for 1 h. The bands were exposed by a Tanon-5200 imaging system (Tanon Science and Technology Co., Ltd., Shanghai, China), and the intensity was quantified using the ImageJ 2x software [National Institutes of Health (NIH) Bethesda, MD, USA].
Materials and methods

Reagents
After treatment, the cell-climbing pieces were fixed, permeated and incubated with rabbit monoclonal primary anti-Fas antibodies (1:200 dilution) at 4˚C overnight, colored with Texas Red fluorescent-conjugated secondary antibodies, then incubated with rabbit polyclonal anti-vinculin antibodies (1:200 dilution) at 37˚C for 2 h, and colored with FITC fluorescent-conjugated secondary antibodies. The nuclei were labeled with DAPI. All procedures were performed in the dark. The specimens were observed and imaged using LSCM.
Annexin V-FITC/PI apoptotic analysis. During apoptosis, phosphatidylserine (PS) translocates to the membrane surface. Acting as an 'eat me' signal, PS exposure prompts phagocytes to engulf apoptotic cells (26) , which is a relatively late stage of the apoptosis process. PS externalization is common in early apoptosis (27) . A recent study demonstrated that PS exposure in response to apoptotic stimuli is mediated by the phospholipid scramblase Xkr8, which is activated directly by caspases. But the authors also pointed out that this effect is only observed in the late stages of apoptosis (28) . In addition, in early apoptosis, the intracellular Ca 2+ concentration increases, which mediates PS exposure. Accordingly, the present study used PS exposure to determine the occurrence of apoptosis, and then designed subsequent experiments. Annexin V has a high affinity for PS. Thus, PS translocation was analyzed by flow cytometry (FCM) using an Annexin V-FITC/PI apoptosis detection kit, in accordance with the manufacturer's instructions. The cells (5x10 5 ) were loaded onto a 60-mm Petri dish, incubated overnight, treated with 5 µg/ml CB, and collected by trypsinization. Then, the cell pellets were resuspended in 100 µl binding buffer, followed by staining with 5 µl Annexin V-FITC and 5 µl PI for 30 min at room temperature in the dark. All the samples were analyzed with a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and the data were evaluated using the CellQuest software (BD Biosciences).
AFM imaging and nanoindentation mechanical analysis.
A commercial NanoWizard III AFM (JPK Instruments, Berlin, Germany) was utilized for cell imaging and probing the force spectroscopy of living HeLa cells. This microscope was combined with an inverted optical microscope (Carl Zeiss AG, Oberkochen, Germany) to facilitate AFM and optical microscopy imaging simultaneously. Silicon nitride cantilevers (PNP-DB; NanoWorld AG, Neuchatel, Switzerland) with a nominal spring constant of 0.03 N/m (f o : 17 kHz) were used in all experiments. AFM images and force spectroscopy measurements were collected under intermittent mode by using a square pyramidal silicon nitride probe with a 4.0-nm tip diameter and a 25˚C half-opening angle. Prior to the AFM measurements, the sensitivity and the spring constants of the cantilevers were calibrated using JPK Instruments 4.2.61 software. A square pyramidal tip with a spring constant of 0.029 N/m was used in the subsequent experiments. The inverted optical microscope was used to select the ideal cell and position of the AFM tip. All AFM images and nanoindentation experiments were conducted in cell culture medium at room temperature according to previously described operating procedures (29, 30) . The AFM had a scanning range of 80x80 µm (x-and y-axes) and a vertical range (z-axis) of 15 µm. The cells were imaged at 512x512 pixels. Then, 10-15 dots around the nucleus (orange area) were selected to obtain the force-distance curves from the indentation of the living cells. The interaction between the tip and sample caused a cantilever deflection, which was recorded as a function of the relative sample position, i.e., a force-distance curve. The elastic modulus (cell stiffness) was calculated by using JPK Instruments data processing 4.2.61 software to analyze 130-160 approach curves of force spectroscopy.
Cell height, roughness and volume measurement. The height of the cell, which was defined as the distance between the top and bottom, was determined from the height-measured images. The height, diameter and average roughness of each cell were measured by cross-sectional analysis. Average roughness (Ra) and root mean square (RMS) roughness (Rq) are key surface roughness parameters for understanding the nanoscale surface morphology of cells. The analysis of the surface roughness provides novel quantitative data on cell nanomorphology. The cellular volume is another important indicator for understanding the state of the cell. If the cell is considered as the half of an oblate ellipsoid, then the cell volume can be calculated as follows (31): where V is the volume, r is the radius and h is the height of the cell.
Mechanical property measurement. AFM is an effective tool for assessing the mechanical properties of single living cells via nanoindentation tests under physiological conditions (24, 25) . If the cell is considered as an elastomer of homogeneous structure, the cell elastic modulus E is calculated according to the Hertz model and the approach curves (32, 33) . The indentation depth (5-10% of the height of the cell, ~200-500 nm) is fitted using JPK Data Processing software (JPK Instruments) (34, 35) . The referential equation indicating the relation between indentation force and depth is as follows:
where F is the loading force, E is the elastic modulus, δ is the indentation depth, µ is the Poisson's ratio of the samples, and θ is the half-opening angle of the pyramidal tip.
Cell surface visualization by scanning electron microscopy. The spinous protrusions and surface morphological changes at the nanoscale level were observed by CLSM and AFM after the cells were treated with CB at different time-points. To further elucidate these phenomena, we created specimens for scanning electron microscopy (SEM) and observed the cell surface. The cells were seeded (5x10 3 cells) onto a 24-well plate (preplaced sterile coverslips), cultivated for 48 h, and treated with 5 µg/ml CB for 0, 0.5 and 3 h. The samples were rinsed with cold PBS, fixed with 3% pre-cooled glutaraldehyde solution at 4˚C overnight, and made into ultra-thin slices. The cell surface morphology was observed and captured by using a scanning electron microscope (JSM6380 LV; JEOL, Ltd., Tokyo, Japan).
Statistical analysis.
Data are recorded as mean ± standard deviation and analyzed using SPSS 22.0 (Statistical Product and Service Solutions; IBM Corp. Armonk, NY, USA). Statistical comparisons were performed using one-way analysis of variance ANOVA followed with Dunnett's t-tests. P<0.05 or P<0.01 were considered to indicate statistically significant differences. Single asterisks ( * ) indicate a significant difference (P<0.05), and double asterisks ( ** ) denote an extremely significant difference (P<0.01).
Results
Morphological changes and actin cytoskeletal depolymerization.
The morphological changes of the HeLa cells treated with CB were observed using an Olympus CKX31 inverted microscope (Olympus Corp.). The untreated cells were well-spread and the cell borders were clear. By contrast, the CB-treated cells gradually shrank, rounded up, even became detached from the substrate and floated (Fig. 1A) . The fluorescent-labelled F-actin and nucleus were observed by LSCM. In the control groups, the F-actin was uniformly distributed beneath the cell membrane around the nuclei. In the treated groups, the F-actin was disrupted, with short or punctate actin fragments (green fluorescence) occupied the background of the images. Numerous spinous protrusions appeared at the periphery of the cells, particularly at 3 h (Fig. 1B) . These changes indicated that filamentous actin was gradually depolymerized and disrupted by CB. As the disruption of the actin cytoskeleton progressed, the adherent area of the cells gradually decreased and the nucleus became irregular at 6 h (Fig. 1C) . The fluorescence intensity of F-actin gradually increased, reaching its maximum at 2 h, and then gradually decreased (Fig. 2D) , further reflecting the disruption of the actin cytoskeleton, and the density of the intracellular actin fragments increased.
Effect of cytochalasin B on PS exposure. Annexin V-FITC/PI apoptosis analysis revealed that the apoptosis marker PS was almost undetectable during the initial 3 h ( Fig. 2A-C) . Then, the apoptosis rate gradually increased, reaching 14.77% at 12 h (data not shown).
The aforementioned results demonstrate that the actin cytoskeleton was markedly disrupted after the cells were treated with CB. The FCM analysis revealed that obvious apoptosis was almost not detected during the initial 3 h and the disruption of the F-actin cytoskeleton occurred prior to PS exposure on the cell surface. This phenomenon indicates that CB mediates apoptosis through targeting the actin cytoskeleton.
Downregulation of vinculin and activation of CD95/Fas.
The vinculin expression was continuously decreased and was found to be significantly (P<0.05) reduced at 3 h (Fig. 2E and F) . The results indicated that the destruction of the actin cytoskeleton resulted in the reduction of vinculin expression, which destroyed the signaling pathway that connects internal and external signal transmission. The decrease in vinculin expression is likely the cause of the activation of the cell membrane death receptor CD95/Fas. Several studies have demonstrated that apoptosis was accompanied by decreased vinculin expression and the activation of CD95/Fas (4,36). These findings are consistent with our results that the CD95/Fas (red fluorescence) was mildly activated at 3 h and significantly activated at 6 h, whereas the vinculin expression (green fluorescence) gradually decreased (Fig. 3) .
Geometric reconstruction and surface roughness increase.
The cellular height, diameter and roughness were measured by the cross-sectional analysis of the height-measured images (Fig. 4A-C) . Ra and Rq are key parameters for understanding the cellular surface topography at the nanoscale level. The cell surface roughness differed significantly before and after the cells were exposed to CB, and this change occurred in a time-dependent manner. The control cells displayed the smallest Ra (0.97±0.09 mm) and Rq (1.12±0.12 mm), while the average Ra and Rq of the treated cells were significantly higher (P<0.01) than that of the control (Fig. 5A and B) . These findings were consistent with the spinous protrusions at the periphery of cells, as observed by LSCM. However, the cause of the increased cell surface roughness remains unknown. Thus, the cell surface was then observed by SEM. In addition, the CB-induced apoptosis was accompanied by a decrease in volume. The brightly colored area was at the highest part of the cell on the height-measured images (Fig. 4A) . The mean cellular height changed drastically, increasing at 30 min of exposure and subsequently decreasing (Fig. 5C) . However, the cellular mean volume changed continuously, decreasing from 5,404±752 to 1,919±506 µm 3 in 3 h (Fig. 5D ). In particular, the volume significantly declined (P<0.01) with respect to the control within 1 h of exposure.
Decrease in the elastic modulus of HeLa cells.
After the cell height image was captured, 10-15 dots were selected around the nucleus to perform the nanoindentation experiment (Fig. 6A ) and obtain the force-distance curves (Fig. 6B-E) . The red and blue lines denote the extend curves and the retract curves, respectively. The elastic modulus E was normally distributed. Most of the E values were concentrated around the mean E value of each group and the mean E was 5.84±0.88 MPa for the control. After the cells were exposed to CB, E significantly decreased (P<0.01) to 1.30±0.33 MPa at 3 h (Fig. 6F) , suggesting that the cells became increasingly softer as F-actin was damaged during the treatment.
The elastic modulus is mainly determined by the F-actin component of the cytoskeleton. The mechanical properties are also recognized as indicators of physiological processes, such as malignant phenotype, differentiation and mitosis. In the present experiment, the cellular elastic modulus significantly declined within 3 h. However, PS, which is an early biological apoptosis marker, remained undetectable at that time. Therefore, the elastic modulus had obviously decreased before biological signals were detected, indicating that the cellular mechanical reconstruction preceded the biological alterations during CB-induced apoptosis.
Ultrastructural changes in HeLa cells. The surface of the control cells was smooth, with only a few tiny points observed ( Fig. 7A and D) . Microvilli, lamellipodia and filopodia were identifiable. By contrast, the surface of the treated cells became considerably rough, with numerous filaments passing through the membrane and located on cell surface (Fig. 7B and C, E and F). Actin fluorescence staining also revealed a large number of filamentous structures at the periphery of the cells (Fig. 7H ) while these structures were not seen around the cells of the control (Fig. 7G) . This phenomenon may be the reason for the rougher surface observed during the treatment. However, only the filaments passing through the membrane could be seen, as we were unable to determine whether these filaments were the F-actin fragments disrupted by CB. 
Discussion
In the present study, the alterations in biomechanics, geometry and biological signals were systematically investigated during cytochalasin B (CB)-triggered HeLa cell apoptosis. The findings demonstrated that the destruction of F-actin rapidly led to a decrease in the elastic modulus and volume of the cells, and an increase in the cell surface roughness and intracellular crowding, followed by gradual exposure of PS on the plasma membrane and activation of the cell membrane death receptor CD95/Fas. Previous studies by our research group have found that there are coupling interplays between biological apoptotic signals and biomechanical remodeling during apoptosis (28) . Therefore, further studies on alterations in biomechanics contribute to a better understanding of the anticancer mechanism of action of actin-targeted drugs, such as cytochalasins.
Apoptosis is a complex multi-step process involving a series of biological signals. Its characterization includes morphological changes (cell contraction, chromatin condensation, nuclear fragmentation and cytoplasmic membrane blebbing) and energy-dependent biochemical molecular event cascades (PS exposure, caspase activation and protein cross-linking) (37) . However, with the improvements in research methods and the continuous elucidation of apoptosis, a growing number of studies report that apoptosis is not only a cascade of biochemical signals, but is also accompanied by cellular mechanical remodeling. In the present study, it was found that the biological apoptotic marker PS did not expose on the cell surface, CD95/Fas clustering was not obvious within the first 3 h of CB treatment. But the elastic modulus and volume of the cells were significantly decreased, and the surface roughness was significantly increased. This finding is consistent with the results of a recent study (38) , supporting that the significant changes in mechanical activity were measured while the alterations in biological activity were yet undetected. These significant changes in cellular mechanics may be measured due to the superiority of the means of mechanical research. The AFM adopted in the present study does not require complex cellular processing and directly detects the mechanical behavior of cells at the nanometer level under physiological conditions in a real-time, quantitative and free-labeled manner. Therefore: i) compared with biological signals, mechanical and geometrical reconstruction is more sensitive during apoptosis; and ii) compared with biological technology, biomechanical technology is more sensitive for the detection of apoptosis.
HeLa cells induced by CB were observed by SEM, and it was found that the lamellipodia and filopodia contracted, and a large number of filamentous structures appeared on the cell surface at 30 min. These filamentous structures were denser at 3 h. Actin fluorescence staining also revealed a large number of spiny structures at the periphery of the cells (Fig. 7H) . According to the apoptotic morphological characteristics, cytoplasmic membrane blebbing appears during apoptosis (39) . The morphological features of the cell surface upon cytochalasin B treatment largely resemble the well-documented cytoplasmic membrane blebbing during apoptosis, which is mediated by caspase-triggered activation of the Rho effector ROCK I b promoting myosin light chain protein phosphorylation (40) . Therefore, it is possible that mechanical and geometrical features induced by cytochalasin B could be the results of biological signals of apoptotic cells, such as activation of apoptosis-specific nucleases and proteases. However, the ultrastructure of HeLa cells after treatment with Polyalthia longifolia leaf extract (PLME) was observed by SEM, and membrane blebbing appeared at ~12 h (41) . This finding is roughly consistent with the significant activation of caspase at ~16-24 h during CB-mediated HeLa cell apoptosis (4,9). However, the increased surface roughness was observed within 3 h after the HeLa cells were treated with CB (its effect is equivalent to that of PLME). Moreover, the filamentous structures were completely different from the blebbing described in the literature (41) . CB induces apoptosis by disruption of the actin cytoskeleton and the fragments of actin aggravated intracellular crowding. As a matter of fact, eukaryotic cells are surprisingly crowded (42) . According to Monte Carlo simulations (43) , the increase in molecular crowding leads to biophysical molecule redistribution. In semi-permeable biofilm cavity, as the crowding increases, the macromolecules are redistributed to the wall of the cavity, allowing some molecules to protrude across the biofilm (44) . The protrusions are the filamentous structures observed by SEM and are also responsible for the increased cell surface roughness. Taken together, these findings suggest that the changes in cell surface roughness are caused by the redistribution of protein molecules inside the cells. In addition to the changes in mechanics, geometry and surface roughness, cytoskeletal disruption was accompanied by the downregulation of vinculin expression. Vinculin, a widely expressed ABP, connects the actin cytoskeleton and the focal adhesion proteins and is involved in the formation of the focal adhesion-actin cytoskeleton signaling cascade (45) . Vinculin can affect this cascade and modulate cell survival and apoptosis through focal adhesion proteins. For example, vinculin regulates apoptosis by disturbing the interactions between focal adhesive kinase (FAK) and paxillin (46) . Interfering with FAK can induce the activation of CD95/Fas-related death domains, leading to apoptosis (47) . The present study only found that vinculin expression continuously decreased and the CD95/Fas was gradually activated during apoptosis. The downregulation of vinculin disrupted the focal adhesion-cytoskeletal signaling cascade. However, there is not any evidence to support a direct cause-effect relationship between the vinculin expression and CD95/Fas activation. Vinculin expression decrease was only correlated with the increase in CD95/Fas expression.
The CB-triggered disruption of the actin cytoskeleton rapidly caused the decrease in cellular elasticity and volume, and the increase in cell surface roughness and intracellular crowding, ultimately leading to apoptosis. Moreover, these alterations occurred prior to the changes of biological apoptosis signals, including PS and CD95/Fas.
In summary, the results of the present study suggested that, compared with biological signals, biomechanical and geometric reconstruction is more sensitive during apoptosis. The CB-induced disruption of the actin cytoskeleton causes redistribution of protein molecules inside the cells, and some protein molecules protrude from the cell membrane, which is an explanation for the observed increased cell surface roughness. These findings may improve our understanding of the apoptosis mechanisms of cancer cells mediated by cytochalasins.
